diameter
of about 2,000 meters and a depth of 600 meters. A radial drainage, which originated from the Crater Lake, deeply eroded the young pyroclastic deposits, thereby providing advantageous conditions in facilitating slope failures and lahars. Steep valley wall failures and subsequent lahars have posed a considerable threat to the downstream. On July 10, 2002, during an intense storm event, a huge lahar along the Bucao River occurred, which was presumably from the summit Crater Lake breach at the Maraunot Notch; this provoked wide public attention. Consequently, aerial and site investigation was immediately carried out to understand the Crater Lake breach mechanism and the reason for the resultant lahars. This paper summarizes partly the observations and gives the conclusions about the breakout of the Crater Lake and its influence on the lahars around Mt. Pinatubo, geological explanation of the causes of the Crater Lake breach and suggestion on mitigation methods for further breakout of the Crater Lake.
Introduction
Lahars, a mudflow of loose volcanic materials mixed with water, move fast and far, and therefore, have been one of the deadliest volcanic hazards. Crater Lake has been gradually impounded, resulting in the rise in the lake water level and in turn contributing to the potential for the flow of water over the Maraunot Notch, the lowest point of the crater rim. Therefore, the Crater Lake breach and subsequent lahars have posed a potential threat to the downstream. Crater Lake has a diameter of about 2,000 meters and a depth of about 600 meters. The lake bluff inclines toward the lake center with an angle of 50 to 70 degrees ( Figure 1 ). The Maraunot Notch, the lowest point of the crater rim was the valley of the Maraunot River on the western slope of Mt. Pinatubo before the 1991 eruption.
The notch valley, V-shaped, is approximately 30 meters wide with a riverbed slope of about 3 degrees.
Around the Maraunot Notch, the bedrock consists mainly of andesite, tuffaceous sandstone and siltstone, and dacite, which are overlain by a sequence of lahar and fluvio-lacustrine deposits with a presumable depth of 10 to 20 meters, primarily the fluvio-lacustrine deposits before the 1991 eruption4 The fluvio-lacustrine deposits are un-consolidated and easy to be excavated 
Impoundment of the Crater Lake
Since its formation, the Crater Lake has been gradually impounded.
On the basis of the observation of water level made by PHIVOLCS QUICK RESPONSE TEAM, as shown in Figure  2 , the Figure  4 . Furthermore, the Fig. 6 The outflow of the lake washed out the overlying tuff breccia (B) and scoured down to tuffaceous sandstone (A). mark of lake water level change was locally recorded on the erodible talus deposits of the crater wall, about 6 meters above the present lake water level. This indicates that the lake water surface may stop falling once for a moment at about 6 meters above the present lake water level and then resume dropping up to the present lake water level ( Figure 5 ).
After breaching, the Maraunot Notch shows a V-shaped valley with a width of about 20 to 30 meters. The lahars or outflow not only removed the all tuff breccia and fluvio-lacustrine deposits overlying bedrocks, but also appeared to scour off the valley down to weathered and jointed bedrocks (Figures 6 and 7 ).
As Figure 8 shows, on the left side of the Maraunot Notch, tuffaceous sandstone is in fault contact with dacite dissected by platy joints at spacing of 5cm to 20cm. The shear zone of fault, nearly parallel to the valley, is highly jointed with a width of about 10 meters.
In the immediate downstream of the Maraunot Notch, as shown in Figure 9 , the overlying fluvio -lacustrine deposits comprising the valley dam have almost been removed, such that the valley is now composed of dacite. Additionally, the valley wall of dacite is smooth and locally oxidized, indicating that the present valley is almost the same as the previous one, except for surface scouring.
Causes of the Crater Lake breach
The geological features of the Maraunot Notch, as mentioned above, together with high pore water pressure as a result of impoundment of the Crater Lake, created favorable conditions for the notch breach.
As Figure 10 shows, the breach of the Maraunot Notch may have occurred in two steps, which are associated with the overlying fluvio-lacustrine deposits and tuff breccia, and partly with the weathered and jointed bedrock. The overlying fluvio-lacustrine deposits, loose and pervious, were more susceptible to erosion and failure, whereas, the underlying tuff breccia, hard and impermeable as mentioned in Chapter 2, was more resistant to the process of erosion and failure. The initial breach may originate mainly within the fluvio-lacustrine deposits. When the crater water flowed over the notch, the fluviolacustrine deposits covering the Maraunot valley became saturated and pore-water pressures increased such that the downslope driving force exceeded the resisting strength of the soil mass. Failure took place initially at the downstream. The initial failure was considered to be a rotational collapse1). Subsequent to the initial failure, the remaining soil mass in the Maraunot valley became unstable and rotational slump failure like the initial failure occurred. Such failures were enlarged continuously towards the Maraunot Notch, leading to the overall failure of the fluvio the initial breach of the fluvio-lacustrine deposits of about 17 meters in thickness.
Moreover, the initial breach was probably due to processes associated with piping and infiltration. Because the fluvio-lacustrine deposits were more loose and pervious than the underlying material, the infiltration, especially flowing between the fluvio-lacustrine deposits and the underlying tuff breccia or bedrock, would lead not only to an increase in pore-water pressure of the tuff breccia, but also to piping of the boundary between the fluvio-lacustrine deposits and tuff breccia. Once piped or fluidized, the deposits generally lose their strength and immediately fail.
Once the initial breach occurred, lahars occurred. Lahars carrying gravels and boulders often scoured the channel and destroy structures in their path, as was the case with the Botolan spur dike, which was washed out. After the initial breach, lahars occurred and scoured the valley further down to tuff breccia, locally up to the weathered and jointed bedrock, of about 6 meters in depth around the Maraunot Notch.
Recommendations
From our investigations, such large-scale slope failures along the valley walls of the Maraunot Notch that they can dam the notch are considered to be much less likely to occur because of the exposed competent bedrock after the breach. However, we recommend that the stability of the notch valley wall, the impoundment of the crater , and the outlet of the Maraunot Notch be observed and inspected on a regular basis.
Regular inspection and observation should be conducted by a geologist or geological engineer . The frequency of regular inspection is recommended as once a month. It may be adjusted in accordance with deformation conditions of valley wall and meteorological change, to be more than the recommended frequency. During the rainy season, we suggest that the inspection and observation be conducted once a week.
If new cracks or small slope failures are found on the valley wall of the Maraunot Notch during regular inspection and observation, the stability of the valley wall should be immediately reevaluated by conducting more detailed geological investigation.
In addition, as mentioned above, the possibility of large-scale slope failures on valley walls of the Maraunot Notch is much little. However, smallscale slope failures or bank collapses are likely to occur, especially during severe rainstorm. And the collapsed debris may dam the notch, thereby causing lahars due to breakout of the notch dammed by the collapsed debris. Accordingly, as a permanent measure against landslide dam in the Maraunot Notch due to slope failures on the notch valley wall, we propose a concrete culvert to be constructed at the valleybed of the Maraunot Notch. The culvert is recommendable technically and economically, however, access to the site should be carefully studied.
Summary and conclusions
The huge lahars of July 10, 2002, along the slope of Mt. Pinatubo were considered to be due to the Crater Lake breach at the Maraunot Notch, the lowest point of the crater rim. The measured crater water level decline was approximately 23 meters owing to the notch breach. The notch breach originated mainly in the overlying fluviolacustrine deposits and tuff breccia, locally in the weathered and jointed bedrocks. The process and mechanism of the notch breach and its further hazard were summarized as follows. 1) The notch breach, up to 23 meters deep, was associated with the overlying fluvio-lacustrine deposits of 17 meters in thickness, and the tuff breccia including partly weathered and jointed bedrock, of about 6 meters in thickness. The former was due to filtration and piping, while the latter due to scouring of lahars.
2) The new notch channel, V-shaped valley, is approximately 20 to 30 meters wide. All fluviolacustrine deposits and tuff breccia that was comprised in the notch dam as well as the weathered and jointed bedrocks have been removed and the notch valley now consists of competent andesite and dacite. 3) Further breaching was considered to be less likely to occur. However, regular inspection and observation is necessary. 4) Construction of concrete culvert was suggested as a permanent measure for the purpose of draining the crater water without blockage when the valley wall might collapse.
